Abstract -Two photonic millimeter-wave synthesizers based upon optical heterodyning will be presented. The first synthesizer features a coaxial output port (W1) and can be continuously tuned from DC to 110GHz offering a 6dB roll off for the entire frequency span and a maximum output power of -3.23dBm. An approach with a rectangular waveguide output port (WR10) for operation exceeding the W-band (70-115GHz) providing a 3dB roll off and a maximum output power of 0dBm will be further presented.
I. INTRODUCTION
A promising and comparatively new concept for the generation of frequency-tunable cw-signals with low phase-noise is the photonic synthesizer or photonic oscillator based upon optical heterodyning. In comparison to conventional purely electric sources, a photonic synthesizer features full frequency-tunability and ultra-wideband operation. An extensive cryogenic cooling can be avoided, merely an operation with peltier cooling may be necessary under special circumstances. Because of these advantages, the photonic synthesizer concept can be alternatively used for existing applications within the millimeter-wave or THz frequency regime. A current study launched by the European Space Agency (ESA) reasoned that photonically based millimeter-wave or THz-frequency generation by using advanced photodetectors is one of the most suitable candidates for the future [1] . Due to the promising attributes, a wide field of applications like broadband-wireless communication [2] , radio-astronomy [3] and millimeter-wave imaging [4] is possible.
In this paper, two photonic millimeter-wave synthesizers are presented. At first, the key photonic components, i.e. the laser setup and a high power photodiode for the realisation of such synthesizers will be discussed briefly. Next, a synthesizer allowing tunability from DC to 110GHz with a flat frequency response at comparatively high output power levels is introduced. In addition, the synthesizer features a coaxial output port (W1), which avoids reconfigurations of the output port within DC to 110GHz. It shall be shown further that flatness as well as bandwidth are superior compared to commercially available purely electronic millimeter-wave generators [5, 6] . The second synthesizer concept is working in a frequency range exceeding the W-band with an improved flatness and increased output power up to 0dBm. To the best of our knowledge, these presented synthesizers are the first photonic millimeter-wave synthesizers offering such wideband tunability.
II. OPTICAL HETERODYNE SIGNAL GENERATION
In order to tune the output frequency of the investigated pin photodiode, an optical heterodyne setup is used to generate frequency-tunable and low phase noise continuous-wave signals. Therefore, a laser with a fixed output wavelength at 1.55µm and a tunable laser with attached polarisation control were used -leading to a wide frequency-tunability. The resulting current of the heterodyne millimeter-wave signal generated by the photodiode is described as [7] ( )
where f c and ∆ϕ denote the difference frequency and the difference phase of the two constituent optical input waves, respectively. The DC and RF responsivities of the employed photodiode are represented by s 0 and s fc . The concept of optical heterodyning by using two single, independent lasers can be realized comparatively easily. A limiting factor of this arrangement is the achievable level of phase noise and phase stability which confines output power level as well as stability and line width of the generated millimeter-wave signal. Among using a phase-locked-loop within the measurement setup, optical-injection locked lasers [8] , mode-locked lasers [9] or external modulators [10] can be used to realize ultra-low phase noise and high phase stability. Corresponding optical sources for the generation of photonic millimeter-waves are currently investigated, for instance in the European IPHOBAC project [11] .
III. HIGH-POWER PIN PHOTODIODE
Besides the laser setup, the second key component of the photonic synthesizer is a high-power wideband pin photodiode [12] , which is shown in Fig. 1 . By optical excitation at 1.55µm, the deployed photodiode offers a responsivity of approximately 0.3A/W (see Fig. 2 ). An increasing optical input power leads to linear answer behaviour for the photocurrent until a saturation point, which rises for increasing reverse bias levels. This can be attributed to the internal field screening. At a reverse bias of 3V, no saturation up to 40mW is observed. 
Fig. 1 Photograph of the developed photodiode chip (u²t photonics) featuring a passive optical waveguide, an integrated bias network, a LC circuit and a coplanar output

Fig. 2 DC-response of the employed pin photodiode at different reverse bias voltages
IV. ULTRA-WIDEBAND PHOTONIC MILLIMETER-WAVE SYNTHESIZER
For a convenient and reliable application, the presented synthesizer is realised with a minimum of necessary components: the heterodyne signal setup and the pin photodiode, which is further coupled to a coaxial W1 output (see Fig. 3 ). This avoids the necessity of changing the output port configuration between different waveguide connectors within a frequency span of DC to 110GHz. Merely for frequencies of above 110GHz, the usage of waveguide output ports or quasi-optical approaches is unavoidable. Firstly, the frequency behaviour within a frequency range from DC to 220GHz is being investigated (see Fig. 4 ). The measurement results from DC to 110GHz were achieved by using only calibrated devices. As can be seen, a flat and wideband frequency response is achieved with a total signal roll off of about 6dB within the whole spectral range and output power levels up to -3.23dBm. Considering a frequency range from 20GHz to 110GHz, the total signal roll off is about 3dB. For frequencies larger than 110GHz, uncalibrated probes and mixers are used. The total signal roll off within a span of 110GHz to 220GHz is about 40dB.
Next step is a high-resolution measurement inside the W-band, which can be seen in Fig. 5 . Within the entire Wband, the synthesizer shows a flat frequency response with a maximum power variation of only 3dB. Furthermore, a peaking behaviour can be observed for a frequency of about 100 GHz. This can be attributed to a partial compensation of the photodiode's capacitance, which results in the predicted inductive peaking. Another point of interest is the synthesizer's output power versus applied bias voltage for different photocurrents (see Fig. 6 ). Providing the photodiode with a photocurrent of 10mA, the max. output power is -4.88dBm, which would be already high enough for practical use [10] . By variation of the optical input power, the generated RF-power can be controlled within a range of -35dBm and -4.88dBm. For safety reasons, no experiments with photocurrent levels of more than 12mA have been accomplished.
The achieved results clearly outperform commercially available electrical millimeter-wave sources regarding flatness and bandwidth. Actual millimeter-wave generators from Agilent or Anritsu feature available bandwidths of about 70GHz and maximum output power variations of 10 and 12dB, respectively. 
V. PHOTONIC MILLIMETER-WAVE SYNTHESIZER FOR W-BAND OPERATION
For improved system performance, an amplifier is integrated in the synthesizer consisting of two stages and an interstage isolator. The signal coupling from photodiode to amplifier as well as from amplifier to output port is done by WR10 rectangular waveguide, which can be seen in Fig. 7 . 
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Fig. 7 System setup with integrated amplifier and waveguide-based (WR10) coupling for W-band operation
Fig. 8 Millimeter-wave gain of the limiting amplifier versus input power for different frequencies
Corresponding to Fig. 8 , the gain of the amplifier is linearly dependant on the input power within input power levels from about -35dBm to 0 dBm. For operation with lower input signal levels than -35dBm, the amplifier's gain reaches a maximum. A further reduction of the input power level leads to a strongly nonlinear behaviour. In consequence, the amplifier is working as a limiting amplifier within an input power range from -35dBm to 0dBm.
As can be seen in Fig. 9 , the resulting frequency response is extremely flat with a power fluctuation of less than 3dB within a frequency range of 69GHz to 112GHz at output power levels up to 0dBm, which means a 3dB-tunability range of 43GHz. The total frequency tunability range is even larger than 50GHz. The power roll off for frequencies lower than 69GHz can be contributed to the cut-off frequency of the WR10 waveguide as well as the reduced gain of the amplifier for lower frequencies. The power degradation for frequencies above 112GHz is based on the reduced gain of the amplifier as well as the lower efficiency of the photodetector.
A further point of interest is the tunability of the output power, which is shown in Fig. 10 . Corresponding to Fig. 8 , the gain of the amplifier is comparatively flat for input power levels from -50dBm to -35dBm. This flatness leads to a linear tunability within an operation point / small operating range up to maximum output power of the limiting amplifier. Photocurrents in the µA-range furthermore allow a control over the entire amplifier's output power range, so a laser source without additional amplification can be applicated as appropriate. 
VI. CONCLUSION
Two photonic millimeter-wave synthesizer approaches based on optical heterodyning in a high-power pin photodiode were presented. The first configuration without additional electric amplifier allows a full tunability from DC to 110GHz at a signal roll off of only 6dB and comparatively high output power levels up to -3.23dBm.
By using an additional waveguide coupled limiting amplifier, an even more flat frequency response was achieved. Here, the power fluctuation within the entire W-band was below 3dB. In addition, the output power level could be continuously tuned from -35dBm up to 0dBm. To the best of our knowledge, this is the highest frequency tunability ever demonstrated using a photonic synthesizer.
